1. Introduction {#s0005}
===============

The pancreatic zymogen granule membrane protein 2 (GP2) is the most abundant membrane glycoprotein in the zymogen granules of the pancreatic acinar cells [@b0005; @b0010], and has been discussed to play a role in the formation and the secretion of these granules [@b0015; @b0020; @b0025]. In addition, GP2 is expressed on the apical surface of intestinal M cells and appears to be overexpressed in colon biopsies of Crohn's disease patients [@b0095]. It was demonstrated that membrane resident GP2 is capable of binding pathogenic *Escherichia coli.* Bacterial binding to GP2 mediated the transcytosis of the pathogens through M cells. This resulted in the preferential formation of IgA antibodies and the establishment of a mucosal immunity [@b0030].

GP2 is the closest related homologue of the Tamm--Horsfall Protein (THP), which is exclusively expressed in the urogenital tract. Both proteins show 52% identity and 85% similarity in their amino acid sequence and might have evolved from gene duplication [@b0035; @b0040]. Like THP, GP2 has a zona pelucida domain and is linked to the apical epithelium via a glycosyl phosphatidyl inositol (GPI) anchor [@b0045; @b0050]. Since both proteins exist also in soluble form, it is supposed that a phenylalanine specific protease mediates the cleavage from the membrane [@b0055]. GP2 and THP have the ability to attach to the FimH adhesin of *E. coli* or *Salmonella typhimurium*. Binding to *E. coli* is dependent on the glycosylation status, and in particular on the presence of mannose residues [@b0060; @b0065]. Whereas soluble THP is considered to be a decoy receptor in the urogenital tract that inhibits the adherence of uropathogenic bacteria, the functional role of soluble GP2 is still unclear.

Scavenger receptors represent a highly heterogenic group of membrane receptors. These molecules are described to have functions in the binding of modified low density lipoproteins (LDL) as well as the recognition and uptake of pathogens [@b0070]. The scavenger receptor expressed on endothelial cells I (SREC-I) is expressed by various cell types, as for example dendritic cells (DCs) [@b0075]. SREC-I mediates the binding and internalization of several proteins, as for example acetylated LDL (acLDL) and heat shock protein (HSP) 90 [@b0080]. Recently, it has been demonstrated that SREC-I is involved in processes that contribute to cross presentation. Murshid et al. showed that HSP90 coupled ovalbumin peptides were taken up by SREC-I and efficiently presented to a peptide specific CD8(+) T-cell hybridoma cell line [@b0085]. Furthermore, it has been demonstrated that this receptor functions as a high affinity receptor for THP, a urinary protein which is considered to play a role in several immunological processes [@b0090].

In the present study we show for the first time that GP2 is a high affinity interaction partner of SREC-I. Moreover, we demonstrate that GP2 can be internalized by SREC-I expressing cell lines. Furthermore, DCs are capable to bind and to take up GP2.

2. Material and methods {#s0010}
=======================

2.1. Reagents {#s0015}
-------------

All chemicals were of American Chemical Society reagent grade and were purchased from SigmaAldrich (Deisenhofen, Germany) unless stated otherwise. Phycoerythrin (PE) conjugated SR-AI antibodies and biotinylated goat anti-human SREC-I antibodies were purchased from R&D Systems (Minneapolis, MN). Unbiotinylated mouse anti-human SREC-I monoclonal antibodies (AK 503) were a kind gift of Prof. Otto Majdic (Institute of Immunology, Medical University of Vienna, Austria). Mouse anti-human SR-BI antibodies were obtained from BD Biosciences (San Jose, CA). Alexa Fluor 488 acLDL (acLDL-488) was purchased from Invitrogen (Carlsbad, CA). Lymphoprep was obtained from Axis Shield (Oslo, Norway). Paramagnetic CD14 beads were purchased from Miltenyi (Bergisch Gladbach, Germany). IL-4 and GM-CSF were obtained from PeproTech (Rocky Hill, NJ). Streptavidin-PE (SA-PE) and goat anti-mouse (GaM) IgG-PE were purchased from Jackson ImmunoResearch (West Grove, PA). RPMI 1640 supplemented with 10% fetal calf serum (FCS), glutamine and penicillin/streptomycin was used as cell culture medium (all from PAA, Pasching, Austria).

2.2. Expression and purification of GP2 {#s0020}
---------------------------------------

Expression of GP2 has been described in detail elsewhere [@b0095]. In brief, cDNA of the GP2 isoform [BAA88166](ncbi-p:BAA88166) (pancreatic zymogen granule membrane associated protein GP2 alpha form) was inserted into a pVL1393-vector. 2.5 μg BaculoGold (BD) and 2.5 μg DNA of the insert containing vector were mixed with H~2~O and Polyfect® transfection reagent (Qiagen, Hilden, Germany). Prepared Sf9 cells were incubated for 5 days with the solution. For infection, Sf9 cells were incubated with the supernatant of the previous infected culture in a 1:10 ratio for 3 days. GP2 producing Sf9 were harvested and lysed in non denaturating lysis buffer supplemented with a protease inhibitor cocktail (Roche, Mannheim, Germany). GP2 was isolated employing an equilibrated Ni-chelate column, followed by anion exchange chromatography (both types of columns were purchased from GE Healthcare, Buckinghamshire, GB). GP2 was biotinylated (GP2-bio) using standard procedures.

2.3. Generation of SR expressing Bw cells {#s0025}
-----------------------------------------

The coding sequences of human SREC-I, SR-AI, SR-BI were PCR-amplified from a cDNA expression library generated from human DC using appropriate primers containing restriction endonuclease recognition sites. The PCR products were cloned into the retroviral expression vector pBMN [@b0100]. The integrity of the resulting retroviral expression constructs was confirmed by DNA sequencing. The murine thymoma cell line Bw5147 (referred to as Bw cells throughout this work) was then transduced retrovirally with pBMN plasmids encoding either SREC-I, SR-AI or SR-BI. For control purposes, a vector containing the lacZ gene was used (pBMN-Z) [@b0105]. Bw cells were cultured in medium supplemented with plasmocin and amphotericin B (PAA).

2.4. Generation of monocyte-derived DCs (moDCs) {#s0030}
-----------------------------------------------

Buffy coats from healthy blood donors were obtained from the Austrian Red Cross, where donors are adequately informed and the procedure follows the ethical guidelines according to the declaration of Helsinki. Blood was diluted 1:2 with phosphate buffered saline (PBS; PAA). PBMCs were isolated by density gradient centrifugation. Monocytes were isolated by magnetic cell sorting. moDCs were generated by incubating monocytes in culture medium supplemented with 10 ng/mL IL-4 and 50 ng/mL GM-CSF for 6 days.

2.5. Binding studies and internalization assays {#s0035}
-----------------------------------------------

Binding experiments using GP2-bio were performed in PBS supplemented with 0.5% bovine serum albumin (PBS-B). GP2-bio was detected using SA-PE, diluted 1:200 in PBS-B. For affinity measurements Bw-SREC-I cells were incubated with defined concentrations of GP2-bio dissolved in PBS-B for 40 min at 4 °C, washed twice and then stained with SA-PE. For uptake experiments, Bw-SREC-I were incubated with 10 μL GP2-bio at a concentration of 10 μg/mL in PBS-B for 20 min at 4 °C. Cells were washed twice with PBS-B and incubated with SA-PE (group 1) or PBS-B (group 2). Subsequently, cells were washed in culture medium and incubated at 37 °C for 60 min. Cells were washed with ice-cold PBS-B and then incubated with PBS-B (group 1) or stained with SA-PE (group 2). Flow cytometric analysis was performed using a BD FacsCalibur (BD Biosciences).

3. Results {#s0040}
==========

3.1. GP2 binds to SREC-I {#s0045}
------------------------

Retrovirally transduced Bw cells were evaluated for the expression of SRs by flow cytometry using SR specific antibodies. SR-AI, SR-BI and SREC-I were expressed on the surface of the respective Bw-clones at high levels ([Fig. 1](#f0005){ref-type="fig"}). To address whether SRs can bind their genuine ligand, SR expressing Bw clones were incubated with acLDL-488. All SR expressing clones but not mock transfected Bw cells strongly bound acLDL-488 ([Fig. 1](#f0005){ref-type="fig"}) and were therefore considered to be functional. Subsequently, SR expressing Bw clones were incubated with GP2-bio, which strongly bound to clones expressing SREC-I. No binding was observed with SR-AI or SR-BI or mock transfected Bw cells ([Fig. 1](#f0005){ref-type="fig"}). These results clearly identify SREC-I as a cellular receptor for GP2.

3.2. Determination of equilibrium *K*~d~ of the SREC-I - GP2 Interaction {#s0050}
------------------------------------------------------------------------

Since GP2 clearly bound to cells expressing SREC-I, it was of interest to assess the affinity of this interaction. Therefore, SREC-I expressing cells were incubated with increasing amounts of GP2, resulting in an increased binding of the ligand ([Fig. 2](#f0010){ref-type="fig"}A).

By blotting the inverted values of the resulting MFI against the concentration of GP2, a Lineweaver--Burk diagram was generated, which delivered a regression line of *y* = 0.581*x* + 0.014 and an intercept of the x-axis at −0.025 ± 0.0029 1/nM ([Fig. 2](#f0010){ref-type="fig"}B). This allowed the calculation of the equilibrium *K*~d~, which is 41.3 ± 5.06 nM. The data sets exhibited a strong correlation (*R*^2^ = 0.929).

3.3. Internalization of GP2 by Bw-SREC-I cells and moDCs {#s0055}
--------------------------------------------------------

Since SREC-I has been shown to be a receptor with endocytic capacity [@b0110], we were interested whether GP2 is taken up after ligation. Therefore Bw-SREC-I cells were incubated with GP2-bio at 4 °C and washed. SA-PE staining of the cells was either performed after the washing step or following a one hour incubation step at 37 °C. After the one hour incubation step at 37 °C, GP2-bio was no longer accessible for binding of SA-PE, whereas immediate application of the secondary reagent and subsequent incubation for one hour at 37 °C still resulted in a strong fluorescence signal ([Fig. 3](#f0015){ref-type="fig"}A). These results clearly demonstrate efficient endocytic uptake of GP2 by the Bw-SREC-I cells. moDCs have been shown to bind and internalize the GP2 homologue THP [@b0115]. Therefore, we were also interested to test the interaction of GP2 with this cell type. moDCs were able to bind ([Fig. 3](#f0015){ref-type="fig"}B) and to internalize GP2-bio ([Fig. 3](#f0015){ref-type="fig"}C). Using the same approach as described before, we found that moDCs stained with SA-PE before the one hour incubation step retained surface staining with GP2-bio. In contrast, staining after incubation at 37 °C for one hour resulted in a complete loss of SA-PE binding, indicating uptake of GP2.

3.4. Redundant GP2 binding structures on moDCs {#s0060}
----------------------------------------------

In order to evaluate moDCs for the presence of additional GP2 binding receptors, we investigated the contribution of SREC-I on the total GP2 binding. Therefore, we used anti-SREC-I antibodies to block the interaction of moDCs with GP2-bio. Ligation of SREC-I on SREC-I expressing Bw cells by specific antibodies resulted in a strong decrease of the MFI, indicating that the antibodies are suitable competitors of GP2 binding ([Fig. 4](#f0020){ref-type="fig"}A). In [Fig. 4](#f0020){ref-type="fig"}B expression of SREC-I on the surface of moDCs is demonstrated. By performing the inhibition experiments as shown in [Fig. 4](#f0020){ref-type="fig"}A for SREC-I expressing Bw cells, however, no decrease in GP2-bio binding to moDCs could be observed ([Fig. 4](#f0020){ref-type="fig"}C). This indicates the presence of additional GP2 binding structures on these cells.

4. Discussion {#s0065}
=============

GP2 and THP are highly homologous proteins that share several important features. They have a high sequence homology and can attach to the FimH adhesin of *E. coli* or *S. typhimurium*. Furthermore, both molecules can be secreted from their producer cells after cleavage of their GPI anchor and are then found in the excretions of the gastrointestinal and urogenital tract, respectively [@b0045]. Because of these profound similarities, we were interested, whether membrane-detached GP2 and THP utilize common receptors and thus analyzed the interaction of GP2 with SRs.

We here demonstrate that GP2 binds to SREC-I with an affinity of 41.3 nM. This resembles the dissociation constant of THP for SREC-I, which was 16.8 nM [@b0115]. Whereas THP was also shown to bind SR-AI and SR-BI, specific interaction of these SRs with GP2 was not observed. Several reasons might be responsible for the differences in the binding behavior. Despite the high sequence homology with THP, GP2 lacks the epidermal growth factor like domains [@b0120], which could explain the lack of binding to SR-AI and SR-BI. Furthermore, GP2 used in the present study was expressed by Sf9 insect cells. Therefore also differences in glycosylation might cause the absence of binding to these receptors [@b0125].

SRs have an important function in the binding and uptake of proteins. SREC-I, for example, has been described to bind and internalize acLDL as well as members of the heat shock protein (HSP) family [@b0110; @b0130]. Recently, it has been revealed that also the urinary glycoprotein THP is taken up by SREC-I [@b0115]. Therefore, we were interested whether SREC-I retrovirally expressed on the Bw cell line also can mediate the internalization of GP2. By employing internalization assays we demonstrated that bound GP2 disappeared from the surface of SREC-I expressing cells. We could also show efficient uptake of GP in moDCs. Although SREC-I is expressed on the surface of moDCs, we found that GP2 binding to moDCs cannot be blocked by anti-SREC-I antibodies. These findings indicate the presence of additional GP2 binding structures on DCs. Thus, screening of receptors represented in a DC cDNA library and expressed in special cell lines with GP2 as ligand might help to discover additional GP2 binding structures.

Recently, membrane resident GP2 was shown to mediate pathogen binding of enteropathogenic *E. coli* [@b0060]. Binding of enteropathogenic *E. coli* by GP2 expressed on intestinal M-cells of the ileum resulted in transcytosis of bacteria and the induction of a mucosal immune response [@b0030]. However, a physiological role of soluble GP2 in host defense has not been reported to date. Based on our findings, it can be speculated that binding and ingestion of soluble GP2 bound to proteins or pathogens might also be an important determinant in various immunological processes. A model for the internalization of molecules by DCs via SREC-I was recently provided by Murshid et al. The authors observed that SREC-I, expressed on DCs bound and internalized complexes existing of HSP90 and ovalbumin (OVA) [@b0085]. OVA peptides that did not require processing were directly loaded on MHC class I and mediated efficient cross presentation by the antigen presenting cells. It is well conceivable that GP2 also could act as a chaperone that enables the uptake of proteins or peptides via SREC-I. The identification of proteins or peptides that bind to GP2 will help to clarify, whether GP2 might play a role in immunological processes, as for example cross presentation.

Interestingly, after secretion of pancreatic acinar cells, GP2 is not digested by zymogens. Therefore, it could also function as a decoy receptor that inhibits the adhesion of potential pathogenic bacteria to the intestinal epithelium. This function has already been shown for THP, which inhibits bacterial linkage to urothelial uroplakin receptors by covering uropathogenic *E. coli* [@b0065]. Furthermore, GP2 could act as a bridge that mediates microbial binding to SR expressing immune cells. Opsonization of microbes with soluble GP2 would thus facilitate their uptake by phagocytic cells of the immune system. Such interaction of local substances with resident cells of the immune system should be suitable to draw the attention of the immune system to local invaders so that it becomes well prepared in case these microbes indeed get access to local tissues.

In conclusion, the present study reveals GP2 as a novel high affinity interaction partner of SREC-I. Further investigations will be necessary to unravel the possible implications of this receptor/ligand interaction on physiological processes, as for example infection and inflammation.
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![SR expression and binding to acLDL-488 and GP2-bio by transduced Bw cells. SR expressing Bw cells were stained with PE-labeled antibodies (Bw-SR-AI), biotinylated antibodies (Bw-SREC-I) or unlabeled antibodies (Bw-SR-BI). Binding of primary antibodies was detected with appropriate PE-labeled secondary reagents (left panel, bold line). acLDL-488 was tested for its binding to SR expressing clones (middle panel, bold line). GP2-bio was incubated with SR expressing Bw clones and stained with SA-PE (right panel, bold line). Mock transfected Bw cells were used as control in all binding experiments (thin lines). The depicted results are representative for three independent experiments. MFI = mean fluorescence intensity.](gr1){#f0005}

![Determination of the binding affinity of GP2 for SREC-I (A) Bw cells expressing SREC were incubated with indicated concentrations of GP2-bio and stained with SA-PE. (B) Inverted values of MFI and concentrations were used to create a Lineweaver--Burk diagram (right panel). *K*~d~ = −1/*X*(*y*0). MFI = Mean fluorescence intensity. Error bars indicate the standard error of the mean (*n* = 3).](gr2){#f0010}

![Endocytosis of GP2-bio after binding to Bw-SREC or moDCs (A) SREC-I expressing Bw cells were incubated with 5 μg/mL GP2-bio. Cells were stained with SA-PE before (bold line) or after a one-hour incubation step (grey histogram). For control, untransfected Bw cells were incubated with GP2-bio and stained with SA-PE before the one hour incubation step (thin line). (B) moDCs were stained with 5 μg/mL GP2-bio and stained with SA-PE (bold line) or secondary reagent only (thin line). (C) To assess the internalization of GP2, moDCs were incubated with GP2-bio. Cells were stained with SA-PE before (bold line) or after a one hour incubation step at 37 °C (grey histogram). For control, moDCs were stained with SA-PE (thin line). MFI = Mean fluorescence intensity. One representative result of four independently performed experiments is shown.](gr3){#f0015}

![GP2-bio binding on moDCs cannot be inhibited by anti-SREC-I antibodies. (A) GP2-bio binding to SREC-I expressing Bw cells was inhibited by coincubating GP2-bio at a concentration of 5 μg/mL with anti-SREC-I antibody at a concentration of 20 μg/mL (grey histogram). (B) Expression of SREC-I on moDCs cells was evaluated by staining cells with biotinylated SREC-I antibody at a concentration of 20 μg/mL (bold line). (C) Inhibition of GP2-bio binding to moDCs by SREC-I antibodies was investigated by coincubating moDCs with anti-SREC-I antibodies at a concentration of 20 μg/mL and GP2-bio at a concentration of 5 μg/mL (grey histogram). One representative result of three independently performed experiments is shown. MFI = Mean fluorescence intensity.](gr4){#f0020}
